Site-specific recombination in genetically modified cells can be achieved by the activity of Cre recombinase from bacteriophage P1. Commonly an expression vector encoding Cre is introduced into cells; however, this can lead to undesired side-effects. Therefore, we tested whether cell-permeable Cre fusion proteins can be directly used for lox-specific recombination in a cell line tailored to shift from red to green fluorescence after loxP-specific recombination. Comparison of purified recombinant Cre proteins with and without a heterologous 'protein transduction domain' surprisingly showed that the unmodified Cre recombinase already possesses an intrinsic ability to cross the membrane border. Addition of purified recombinant Cre enyzme to primary bone marrow cells isolated from transgenic C/EBPα fl/fl mice also led to excision of the 'floxed' C/EBPα gene, thus demonstrating its potential for in vivo applications. We conclude that Cre enyzme itself or its intrinsic membrane-permeating moiety are attractive tools for direct manipulation of mammalian cells.
INTRODUCTION
The Cre/lox recombination system of the bacteriophage P1 is a widely used method to achieve conditional targeted deletions, inversion, insertions, gene activation, translocations and other modifications in chromosomal or episomal DNA (1) (2) (3) . Cre recombinase specifically recognizes a 34 bp lox sequence and catalyzes DNA strand exchange between two of these sites. In cells harboring lox sites in their genome, site-specific recombination is usually induced by introducing an expression vector containing the Cre gene. This method has potential disadvantages: besides the risk of mutagenesis by random integration of the vector DNA into the host genome, the constitutive expression of Cre has been shown to be cytotoxic in many cell types (4, 5) .
We therefore sought to achieve site-specific recombination in eucaryotic cells by the simple addition of recombinant, purified Cre protein fused to peptides known to mediate the translocation of proteins across the membrane (6, 7) . Surprisingly, efficient recombination in mouse fibroblasts and primary bone marrow cells was already observed when Cre recombinase lacking such a 'protein translocation domain' was added. This indicates that Cre protein on its own has the capacity to cross the plasma membrane and translocate to the nucleus. Although the mechanism of delivery has to be elucidated, our results demonstrate that purified recombinant protein without an exogenous protein transduction domain can be efficiently used for specific manipulation of cells.
MATERIALS AND METHODS

Generation of the reporter cell line
A DNA fragment composed of 5′ loxP1 (5′-ATGATAACTT-CGTATAATGTATGCTATACGAAGTTAT-NcoI-3′), the RFP gene (NcoI-RFP-BglII) isolated from pDsRed1-C1 (Clontech) and loxP2 (5′-BglII-TAGTCGACGCGTATAACTTCGTAT-AATGTATGCTATACGAAGTTATCAGGCCTGCACCCG-3′) was inserted into the retroviral vector SF91-eGFP (8, 9) , which had been pretreated with NcoI and subsequent mungbean-nuclease (Promega) digestion. The resulting vector SF91-loxP1-RFP-loxP2-eGFP contained the loxP1-RFP-loxP2 sequence immediately downstream of a Kozak consensus sequence. To enhance protein expression, the woodchuck hepatitis B virus post-transcriptional regulatory element (wPRE) (10) was isolated from pKS-γwPRE (8) and inserted into the HindIII site of SF91-loxP1-RFP-loxP2-eGFP. The resulting vector was termed SFr (= SF91-loxP1-RFP-loxP2-eGFP+wPRE).
Packaging of SFr in retroviral particles pseudotyped with ecotropic envelope and infection of mouse SC-1 fibroblasts (ATCC no. CRL-1404) was performed as described (11) . Clones with stably integrated SFr were obtained by sorting single cells.
Expression and purification of recombinant Cre proteins
For the expression of GST-Cre fusion proteins, a modified pGEX-2T plasmid, pGEX-2T(KT), containing the MCS from pEG(KT) (12) , was used. An extended Cre (nlsCre) gene encoding the NLS of SV40 large T antigen and a c-myc epitope (3) was isolated from R518 (13) after XbaI digestion, fill-in of the protruding ends with the Klenow fragment of Escherichia coli DNA polymerase I and subsequent NcoI cleavage. This fragment was inserted into pGEX-2T(KT) which had been treated with XhoI, Klenow enzyme and NcoI, generating pGEX-nlsCre. The Tat-PTD oligonucleotides *To whom correspondence should be addressed. Tel: +49 40 48051 273; Fax: +49 40 48051 187; Email: stocking@hpi.uni-hamburg.de 5′-GATCCTATGGCCGTAAAAAGCGCCGTCAGCGCCG-CCGTCC-3′ and 5′-CATGGGACGGCGGCGCTGACG-GCGCTTTTTACGGCCATAG-3′ and the PreS2-TLM oligonucleotides 5′-GATCCCCGCTGTCTTCCATTTTCTCCCG-TATCGGCGATCCGGGTGGCGGTTC-3′ and 5′-CATGGA-ACCGCCACCCGGATCGCCGATACGGGAGAAAATGG-AAGACAGCGGG-3′ were annealed and ligated into the BamHI/NcoI-treated plasmid pGEX-nlsCre, leading to pGEXPTDnlsCre and pGEX-TLMnlsCre, respectively.
Removal of sequences encoding the N-and C-terminal modifications of nlsCre was achieved by PCR, using the oligonucleotides 5′-GAAGAGGAAGGGATCCAATTTACTGACCG-3′ and 5′-CAGAAATAAGCTTTTGTTCCTAATCGCCATC-3′ on pGEX-nlsCre as template. The 1060 bp amplification product was cleaved with BamHI and HindIII ligated into pGEX-2T(KT) treated with BamHI and HindIII. All constructs were verified by DNA sequencing.
Protein expression was induced in E.coli BL21 [CodonPlus(DE3)-RP; Stratagene] with 0.5 mM IPTG for 8 h at 25°C. Cells were lysed in PBS, 0.5% Triton X-100, 0.5 mM Pefabloc (Roche Diagnostics) by sonification and GST fusion proteins were affinity purified using glutathione-Sepharose 4B (Amersham Pharmacia Biotech). Bound fusion proteins were incubated with 10 U/ml thrombin (Amersham) in PBS and eluted in PBS/100 mM Na 2 HPO 4 . Purity of Cre was >80%, as estimated by Coomassie staining after PAGE.
Cell culture and protein transduction
SC-1 reporter cells were cultivated as recommended by ATCC. For protein transduction, 1.5× concentrated MEM containing 15% fetal calf serum (FCS) (Sigma), 75 U/ml penicillin, 75 µg/ml streptomycin (Gibco BRL) was prepared and diluted with purified Cre proteins in PBS/100 mM Na 2 HPO 4 to 1× medium, resulting in final concentrations of 0.8-5 µM Cre protein. After incubation for 3 or 6 h at 37°C, the Cre-containing medium was exchanged for MEM containing 10% FCS, 2 mM glutamate, 50 U/ml penicillin, 50 µg/ml streptomycin. Cells were analyzed 48 h later by fluorescence microscopy or by fluorescence-activated cell sorting (FACS) analysis using FACSCaliber and CellQuest software (Becton-Dickinson).
Mouse bone marrow cells were isolated and cultivated as described (11) . Cre transduction was performed for 7 h in DMEM containing 2 mM glutamate, 5 ng/ml IL-6, 10 ng/ml IL-3, 50 ng/ml SCF, 50 U/ml penicillin, 50 µg/ml streptomycin.
PCR analysis
To detect recombination in SFr-transduced reporter cells, PCR reactions were performed using the oligonucleotides p1 (5′-ACGCCGAAACCGCGCCGCGCGTC-3′) and p2 (5′-GC-AGATGAACTTCAGGGTCAGCTTGC-3′). Cre-mediated excision of RFP led to a 364 bp fragment (see Fig. 3B ). Verification of the original C/EBPα fl/fl allele occured using p3 (5′-TGGCCTGGAGACGCAATGA-3′) and p4 (5′-CGCAGA-GATTGTGCGTCTTT-3′) by amplification of a 269 bp product (see PCR1 in Fig. 5 ). Cre-mediated recombination was detected using p5 (5′-GCCTGGTAAGCCTAGCAATCCT-3′) and p6 (5′-TGGAAACTTGGGTTGGGTGT-3′), producing a 400 bp fragment (see PCR2 in Fig. 5 ). All PCRs were performed using Taq polymerase (Qiagen, Hilden, Germany) according to the manufacturer's protocol.
RESULTS
Generation of a reporter cell line for Cre activity
A retroviral reporter construct, SFr (SF91-loxP-RFP-loxPeGFP+wPRE), was generated to allow fast and easy detection of Cre activity in the nucleus of target cells. SFr is based on the high level expressing SF91 retroviral vector backbone (8, 9) and contains an expression cassette with two open reading frames (ORFs) encoding different reporter proteins. The 5′ ORF contains the RFP gene (DsRed1, encoding a red fluorescent protein) and is flanked by loxP sites. Cre-mediated excision of RFP leads to expression of the second reporter gene, which encodes eGFP (enhanced green fluorescent protein), by placing it in-frame to the start codon of the 5′ ORF (Fig. 1) .
A mouse fibroblast cell line (SC-1) was transduced with SFr and single clones containing stably integrated reporter cassettes were isolated. No spontaneous recombination resulting in eGFP expression was detected. This reporter system permits the quantification of lox-specific recombination in live cells by fluorescence microscopy and FACS analysis.
Expression and purification of recombinant Cre proteins
Our original intention to directly deliver Cre into cells led us to fuse DNA sequences encoding the protein transfer domains of HIV-1 Tat (Tat-PTD) and hepatitis B virus PreS2 (PreS2-TLM) to the Cre gene, generating PTD-nlsCre and TLM-nlsCre, respectively. The Cre polypeptide used for this purpose (further referred to as nlsCre) contained the nuclear localization sequence (NLS) of the simian virus 40 (SV40) large T antigen at its N-terminus and a c-myc (9E10) epitope at its C-terminus (3). Additionally, unmodified Cre protein (wtCre) was tested ( Fig. 2A) .
All Cre variants were produced as GST fusion proteins in E.coli, affinity purified and separated from GST by thrombin cleavage. The preparations used for the transduction experiments were >80% pure, as estimated by Coomassie staining of the separated proteins (Fig. 2B) . 
Direct transfer of Cre protein into cells
We first tested the specificity of protein transduction by Cre. Therefore, low amounts of purified nlsCre, PTD-nlsCre or TLM-nlsCre proteins (with a final concentration of 1 µM in the culture medium) were initially incubated with the reporter cell line for 3 h. Cells were analyzed by fluorescence microscopy 48 h later. In all individual experiments with the different nlsCre variants, eGFP-expressing cells were detected, indicating successful transfer of active recombinase. In contrast, eGFP expression was never detected in any single cell of the mocktreated reporter cell line. Quantification of eGFP-positive cells by fluorescence-activated cell cytometry (FACS) revealed a low but reproducible ratio of eGFP-positive reporter cells incubated with nlsCre, PTD-nlsCre and TLM-nlsCre, respectively (Table 1, rows 1-3 ). This strongly suggested that nlsCre without a defined protein transduction domain readily crossed the plasma membrane and induced recombination in the reporter cells. The efficiency was at least as high as that of the nlsCre variants fused to the Tat or PreS2 protein transduction domains.
To confirm the specificity of nlsCre-mediated recombination, different reporter cell clones were incubated with 0.8 µM nlsCre for 4 h. After 48 h, 3-4% eGFP-expressing cells were detected (Fig. 3A) . DNA derived from these cell populations was used in a PCR, shown in Figure 3B . A 364 bp product indicative of the lox-specific excision of the RFP gene was obtained from nlsCre-treated cells, but not from the parental reporter cells (Fig. 3B) . The identity of the PCR products was confirmed by direct sequencing. Thus, the addition of bacterially expressed, purified nlsCre recombinase was necessary and sufficient to induce recombination at the single nucleotide level in cultured cells.
We next asked whether the SV40-NLS or the c-myc epitope, present in nlsCre, mediated protein transduction. Using the same conditions as described above, wtCre protein was added to the reporter cells. Recombination was reproducibly observed in ∼1.5% of reporter cells (Fig. 3C and Table 1 , row 4). Application of wtCre protein at higher concentrations led to an increased recombination frequency (10%, Table 2 ). This indicates that the wild-type Cre protein itself already possesses an intrinsic ability to pass the membrane barrier, to enter the nucleus and catalyze lox-specific recombination.
High efficiency of recombination by purified Cre protein
Although unmodified Cre recombinase can pass the membrane barrier and mediate lox-specific recombination, we concentrated our efforts on nlsCre, since presence of the additional NLS possibly accelerates transfer into the nucleus.
As expected, increasing nlsCre concentrations mediated increased recombination efficiencies. Using 5 µM nlsCre, a recombination rate of >50% was achieved (Fig. 4) . Thus, Cre protein lacking any heterologous protein transduction domains can induce recombination in eucaryotic cells with high efficiency. -tag) . TLM-nlsCre and PTD-nlsCre were generated by fusing the protein translocation sequences of the HBV PreS2 (6) or the HIV-1 Tat protein (7) to the N-terminus of Cre. Wild-type Cre protein (wtCre) was generated by removal of all C-and N-terminal heterologous sequences of nlsCre. (A) The composition of Cre variants following thrombin digestion. The N-terminal GS residues represent the P1′ and P2′ positions of the thrombin recognition site in the GST fusion proteins and are always present in the cleavage products. The only exchange in wtCre, which contains a serine residue at position 2, is therefore a glycine instead of a methionine residue at the first position. This is not expected to alter any property of the wild-type Cre recombinase. (B) Cre proteins were produced as GST fusion proteins in E.coli and affinity purified using glutathione-Sepharose. Elution of Cre proteins by thrombin cleavage resulted in highly enriched protein preparations of >80% purity. The eluates were separated by SDS-PAGE and proteins stained with Coomassie blue.
Table 1. Recombination mediated by low concentrations of different Cre proteins
Reporter cells were incubated for 3-4 h with 0.8-1 µM nlsCre, PTD-nlsCre, TLM-nlsCre or wtCre. Forty-eight hours later, the percentage of eGFP-expressing cells representing the recombination frequency was determined by FACS analysis. At least two independent protein preparations were tested for each Cre variant.
Cre protein
Recombination frequency nlsCre 3.2% (1.9-5.4%; n = 6) PTD-nlsCre 2.5% (1.9-3.5%; n = 6) TLM-nlsCre 2.1% (0.5-3.9%; n = 4) wtCre 1.5% (0.6-2.5%; n = 7)
Specific recombination in transgenic mouse bone marrow cells
To examine the ability of externally added nlsCre protein to induce site-specific recombination in primary cells, bone marrow cells from C/EBPα fl/fl mice (14) were tested. This mouse strain carries a C/EBPα locus engineered to contain flanking loxP sites (C/EBPα fl/fl ). Bone marrow cells isolated from these mice were incubated with 1.5 µM nlsCre for 7 h. To verify lox-specific recombination on the C/EBPα fl/fl locus, PCRs were performed on isolated genomic DNA with subsequent sequencing of the amplification products (Fig. 5) . Site-specific recombination leading to a 400 bp PCR product (Fig. 5, PCR2 ) was only observed after treatment of bone marrow cells with nlsCre. Sequence analysis of the PCR product confirmed the specificity of recombination. Thus, purified nlsCre was also capable of entering primary bone marrow cells and mediated site-specific recombination.
DISCUSSION
We present here an alternative strategy to induce site-specific recombination by simple addition of recombinant, purified Cre recombinase. Direct protein transduction of nlsCre circumvents the introduction of Cre-encoding nucleic acids into cells, thereby eliminating the risk of insertional mutagenesis and the proposed genomic instability induced by continuous Cre expression (4, 5) . Our results demonstrated that the translocation of Cre lacking a heterologous protein translocation motif was at least as efficient as the transfer of Cre fused to the protein transduction domain of Tat (PTD) or that of PreS2 (TLM). We also showed that even unmodified Cre recombinase, differing only at its N-terminal amino acid, was able to cross cellular membranes, enter the nucleus and catalyze recombination at lox sites. In a recent article published during revision of this work, Peitz et al. compared the transduction efficiency of different Cre proteins (15) . Whereas the transduction efficiency of Fig. 2A ). Forty-eight hours later, cells expressing eGFP were detected by fluorescence microscopy. (B) Recombination was confirmed using genomic DNA from untreated (-) and nlsCre-treated (+) cell populations as template for a PCR. Two PCR products are observed: a 1099 bp fragment resulting from the non-recombined, integrated reporter construct and an additional 364 bp fragment as a result of successful excision of the RFP gene. No amplification product was detected using the DNA of the parental SC-1 cell line. Direct sequencing of the 364 bp PCR product confirmed exact recombination at the loxP sites. The analysis was performed with two different reporter cell lines (c12 and c15). (C) Reporter cell clones were incubated for 3 h in medium containing 1 µM unmodified wtCre protein. Forty-eight hours later, eGFP expression was detected in 1.5% of the reporter cells. Thus, cellular uptake of nlsCre is independent of the SV40 NLS and the myc epitope. Bar, 20 µm. recombinant Cre protein containing the SV40 NLS was very similar to the results presented here, Peitz et al. did not achieve recombination in >5% of fibroblasts, even after 16 h incubation with >9 µM Cre protein lacking the SV40 NLS, arguing against an intrinsic capability of Cre to transduce cells. In our study, however, the recombination frequency correlates with the concentration of wtCre and reaches ∼10% after 3 h incubation with wtCre, suggesting that the NLS is not essential for the passage of Cre through the plasma membrane but enhances recombination at another level (e.g. by localizing most of the Cre protein into the nucleus). Efficient recombination was achieved both in a cultured cell line as well as in primary bone marrow cells without the need for serum deprivation as reported by others (6, 16) . The successful transfer of Cre protein into primary bone marrow allows the targeting of hematopoietic stem cells. These quiescent cells are not suited for manipulation by conventional gene transfer technologies. The cell cycle independence of Cre has been previously shown by the rapid catalysis of genomic DNA recombination in post-mitotic cells (17, 18) . Therefore, this method has the potential of reversing genetic alterations introduced into hematopoietic stem cells during gene therapy. The direct transfer of Cre protein will certainly extend the spectrum of its already wide applications. (14), were incubated for 7 h in medium containing 1.5 µM nlsCre or PTD-nlsCre. As a negative control, an equivalent volume of PBS was added (mock). Genomic DNA prepared from these cells was used as a template for PCRs to confirm the presence of the C/EBPα fl/fl allele (PCR1) and to detect the recombined allele, produced by Cre/lox-specific excision of the C/EBPα gene (PCR2). The 269 bp product produced in PCR1 indicated the C/EBPα fl/fl knock-in allele. A 400 bp fragment, which was generated in the second PCR only when excision of C/EBPα occured, could only be detected when the BM cells were incubated with nlsCre or PTD-nlsCre. Sequencing of the 400 bp product confirmed that exact lox-specific recombination occurred. Therefore, primary bone marrow cells were genetically modified by external addition of nlsCre protein.
